A comparison between the properties achievable by processing the Ti-6Al-4V alloys by means of two powder metallurgy approaches, precisely prealloyed and master alloy addition, was carried out. Prealloyed and master alloy addition hydride-dehydirde powders characterised by an irregular morphology were shaped by means of cold uniaxial pressing and high vacuum sintered considering the effect of the variation of the sintering temperature and of the dwell time. Generally, the higher the temperature and the longer the dwell time, the higher the relative density and, consequently, the better the mechanical performances.
Concerning the PM of titanium, in general, there are two approaches as a function of the way in which the alloying elements are added [6] . In the case of prealloyed (PA) powders each powder particle has already the final composition whereas in the blended elemental (BE) approach, elemental titanium powder is mixed with alloying elements powders. In this last case it does exist also the possibility to add the alloying elements by means master alloy powders which can be specifically designed in order to adjust the final composition. Both approaches have technological advantages and disadvantages correlated with the nature of the starting powders but the master alloy addition approach has been defined has the cheapest way to obtain titanium alloys with the desired composition [7] . The great majority of the researches done on the PM of titanium focus on the Ti-6Al-4V alloy and were performed in the 1980's starting from sponge titanium powders [8] . The problem of this type of powder is the presence of residual salt, in particular chlorides, left from the Kroll reduction process which forms porosity filled with gas during sintering which prevent the complete densification of the products. This porosity filled with gas is difficult to close by means of post-processing techniques, like hot isostatic pressing, and makes the material unweldable.
Lately, titanium alloys and especially the Ti-6Al-4V alloy have been considered for their production by means of advanced powder metallurgy techniques [9] [10] [11] [12] [13] [14] [15] .
The aim of this work is to study the influence of the sintering parameters, namely the sintering temperature and the dwell time, on the final properties of the PM Ti-6Al-4V alloy.
In particular, the study considers both prealloyed and master alloy addition powders obtained by means of the hydride-dehydride (HDH) comminution process in order to highlight possible significant difference induced by the nature of the starting powders. The employment of HDH powders avoid the problems related to the presence of the chlorides. The work considers the characterisation of relative density, chemical analysis, mechanical properties, microstructural and failure analysis as well as the correlation with the processing parameters. The study is completed by the determination of the thermal conductivity and the electrical resistivity of the PM Ti-6Al-4V samples sintered under diverse combinations of temperature/time.
Experimental Procedure
In this study the behaviour of a hydride-dehydride (HDH) prealloyed Ti-6Al-4V powder purchased from Se-Jong Materials Co. Ltd. was compared to that of an irregular hydridedehydride Ti-6Al-4V powder produced considering the master alloy addition approach. In particular, this last powder was obtained by mixing a HDH elemental titanium powder with an Al:V master alloys both of them supplied by GfE Gesellschaft für Elektrometallurgie mbH.
The details of the development of the master alloy and of the optimisation of its features for blend it with elemental titanium can be found else where [16] . Table 1 shows some properties of the bought and produced Ti-6Al-4V powders considered, which will be identified as Ti64-PA and Ti64-MA, respectively.
As it can be seen in Table 1 , the HDH powders, which were obtained by means of comminution process, are characterised by an irregular morphology and from the results of the particle size distribution the Ti64-PA powder is somewhat finer. This aspect play an important role during sintering since the densification of the material is favoured by a smaller particle size or, in turns, by a greater surface area. This is because the reduction of the surface energy is the driving force of the sintering step. The compaction pressure applied to consolidate rectangular shaped three-point bending test samples (ASTM: B528) of the Ti64-PA powder was set to 400 MPa to prevent delamination [16] . This is because the prealloyed powder is much harder and difficult to press due to the fact that the alloying elements are already dissolved inside the titanium matrix. The compaction pressure was increased to 700
MPa, a typical value used in the PM industry, for the Ti64-MA powder which is softer and leads to a significantly lower wear-out of the shaping tools. The compaction pressure dictates the level of green density obtained in the specimens and, therefore, influences the densification during sintering. Green samples were sintered in a high vacuum tubular furnace with a minimum level of vacuum of 10 -5 mbar and employing heating and cooling rates of 5ºC/min. The study of the influence of the sintering temperature, which ranges between 1250ºC and 1350ºC, was performed using two dwell time, namely 2 hours and 4 hours. The sintered samples were characterised in terms of relative density, where the nominal values of 4.43 g/cm 3 of the wrought Ti-6Al-4V alloy [3] was used for its calculation. Microstructural analysis was carried out by means of an Olympus GX71 optical microscope. For that the samples were prepared by following the classical metallographic route (SiC papers grinding and silica gel polishing) and etched with Kroll reactant to reveal the microconstituents. A Philips XL-30 SEM equipped with an EDS detector was also employed to check the distribution and homogenisation of the alloying elements, specifically for master alloy addition materials. The same machine was also used for the study of the fracture surface.
Oxygen and nitrogen contents by means of the inert gas fusion method were measured using a LECO TC 500 machine. Oxygen and nitrogen contents were determined as specified in the ASTM: E1409 standard. Vickers hardness was obtained by means of a Wilson Wolpert
Universal Hardness DIGI-TESTOR 930 tester performing HV30 measurements. In the case of three-point bending test samples, the transverse-rupture-strength (TRS) was measured where the tests were carried out by means of a MicroTest three-point bending test machine using the ASTM: B528 standard as guide. The thermal conductivity at room temperature (k) was calculated on the base of the relationship between the thermal conductivity (k), the diffusivity (α), the density (ρ) and the specific heat capacity at constant pressure (C p ): k = α · ρ · C p . The thermal diffusivity (α) of the samples was measured using a Netzsch LFA 447 Nanoflash machine. Finally, the electrical resistivity was determined on the base of the measurement of the electrical conductivity using the method proposed by van der Pauw [17] . Measurements of variation of the thermal conductivity with the temperature (up to 300ºC) were carried out on samples sintered at 1250ºC during 2 hours. It is well known that C p greatly depends on the temperature but this could not be taken into account during the experiments. Therefore, the variation of the C p with the temperature was approximated with the equation available in the literature for alpha titanium [3] 
Results and Discussion

Relative density
To better understand the behaviour of the alloys during sintering and the values of relative density, it is interesting to know the green density, the volume change and the densification.
More in detail, green density mean values are 72.13 ± 0.50% for Ti64-PA (shaped at 400
MPa) and 85.85 ± 0.22% for Ti64-MA (shaped at 700 MPa) due to the different compacting pressure. The volume variation induced by sintering increases either with the increment of the sintering temperature or time for both Ti64-PA and Ti64-MA. Moreover, Ti64-PA specimens obtained higher shrinkage than Ti64-MA samples, with mean values of 22% and 9%
respectively, due to the lower green density. The densification of the specimens increases with sintering temperature and time and, once again, the values obtained for the Ti64-PA powder (74% on average) are much greater compared to those of the Ti64-MA powder (59% on average). This is another direct consequence of the compaction pressure which results in a lower green density and in a higher densification.
The relative density results obtained from the prealloyed (Ti64-PA) and the master alloy addition (Ti64-MA) green samples sintered under diverse processing conditions are presented in Figure 1 .
From the data of the relative density of Ti64-PA and Ti64-MA samples (Figure 1 ), it can be seen that the relative density increases with the sintering temperature and is always a little bit higher for longer processing time independently of the powder production route and of the compaction pressure applied to shape the powder. In general, the increment of the sintering temperature from 1250ºC to 1300ºC seems to be more effective than from 1300ºC to 1350ºC
to reach higher relative density. Concerning the doubling of the dwell time from 2 hours to 4
hours, it seems that its benefit decreases with the increment of the sintering temperature. By comparing the values of the final relative density achieved in Ti64-PA and Ti64-MA specimens, it is clear that, generally, Ti64-MA samples reach higher relative density than Ti64-PA specimens but with the exception of the samples sintered at 1350°C-4h. Moreover, the difference between Ti64-PA and Ti64-MA is much more pronounced for the lowest sintering temperature considered. This behaviour is due to the lower green density of the sample produced with the Ti64-PA powder because they were pressed at lower pressure.
Nonetheless, the difference in terms of relative density between Ti64-PA and Ti64-MA decreases with the increment of the temperature due to the aspect: (1) Ti64-PA is favoured by the slightly lower particle size and (2) in the case of Ti64-MA samples part of the thermal energy supplied is spent for the diffusion and homogenisation of the alloying elements throughout the titanium matrix. Apart from Ti64-PA sintered at 1250°C either 2 hours or 4 hours, relative density values for the Ti-6Al-4V alloy ranges between 95% and 96%, similar to that obtained by other authors using elemental titanium sponge powders blended with elemental powders [18] [19] [20] [21] or master alloys [20, 22, 23] .
Microstructural analysis
Microstructural analysis was carried out to study the development of the microstructure and the evolution of the porosity and the representative micrographs of both materials are displayed in Figure 2 .
The results of the microstructure analysis shown in Figure 2 indicate that the microconstituents of the Ti-6Al-4V titanium alloy are alpha grains and α + β lamellae typical of slow cooling α + β titanium alloy from above the beta field. For both Ti64-PA and Ti64-MA samples, it can be noticed that the size of the alpha grain becomes bigger with both the increment of the sintering time and of the processing time whereas the α + β lamellae become thinner and longer. When comparing the powder production route, the microstructure components of the Ti64-PA samples are, normally, smaller than those of the Ti64-MA specimens. The reason for the finer microstructure of Ti64-PA is the combination of smaller particle size of the starting powder and the greater thermal energy invested for the densification. From Figure 2 , the microstructure of Ti64-MA is fully homogeneous as it was checked by means of SEM and EDS analysis. From the results shown in Figure 2 , it can also be seen that, with the relative density values obtained, the porosity is mainly spherical, isolated and the total amount decreases with the increment of the sintering temperature and with the doubling of the processing time from 2 hours to 4 hours.
Chemical analysis
The results of the chemical analysis done on sintered samples and the values of the starting Ti64-PA and Ti64-MA powders are presented in Table 2 .
The percentage of oxygen (Table 2) as it can be noted in Table 2 , there is no that big variation of this interstitial element either with the temperature or the processing time becuase the values obtained are similar and around 0.02 wt.%. Even if there has been some nitrogen pick-up with respect to the initial content of the powder, the final quantity of this element is well below the limit indicated by the international standards (0.05 wt.%) [3] .
Vickers Hardness
The results of hardness measurements, represented as mean values plus standard deviation, for Ti64-PA and Ti64-MA are shown in Figure 3 .
As it can be seen in Figure 3 , the hardness of PM Ti-6Al-4V increases with the sintering temperature and with the processing time, reaching the maximum values at the higher temperature and for longer time. In particular, in the case of the Ti64-PA alloy the increment of the sintering temperature seems to be more beneficial than the doubling of the processing time from 2 hours to 4 hours in order to reach higher hardness. Conversely, in the case of the Ti64-MA samples, the increment of the dwell time is somewhat more effective than the increasing of the temperature. Nevertheless, the trends of the increment of the hardness shown in Figure 3 are also greatly affected by the relative amount of interstitial elements dissolved by each sample. As it could have been expected on the base of the relative density data (Figure 1 ), Ti64-MA samples reach higher values with respect to Ti64-PA specimens due to the lower amount of residual porosity present in the microstructure. However, the difference is not that marked because it is approximately 10 HV30 and it is due to the fact that the hardness of the Ti64-PA samples is increased significantly by the greater amount of interstitials dissolved. Similar Vickers hardness values are obtained when processing the Ti6Al-4V alloy by means of selective laser sintering [24] . In comparison to the wrought Ti-6Al-4V alloy in the annealed state, whose hardness is 321 HV [3] , both Ti64-PA and Ti64-MA are rather harder, with the exception of the Ti64-PA sintered at 1250°C during 2 hours, even though of the presence of approximately 5% to 6% of residual porosity. This is justified by the higher oxygen content of the Ti64-PA and Ti64-MA samples with respect to the limit specified for the wrought alloy. In the case of the Ti64-PA specimens sintered at 1250ºC-2h, their hardness results to be lower than the wrought material because of the low relative density (92.5%).
Flexural properties
Representative examples of the bending behaviour found for the PM Ti-6Al-4V alloy submitted to bending tests are presented as load-deflection curves in Figure 4 . Specifically, the curves plotted allow to compare the effect of a higher sintering temperature (1250ºC vs.
1350ºC) but constant time or a longer processing time (2h vs. 4h) for the same temperature.
As it can be seen in Figure 4 , Ti64-PA and Ti64-MA three-point bending samples behave similarly independently of the sintering condition even though the maximum load and deflection values change from one case to the other due to the variation of the relative density, microstructural features and amount of interstitials dissolved. In particular, the load-deflection curves shown in Figure 4 indicate that the material shows predominantly an elastic behaviour with a very little plastic deformation before fracture. Moreover, it can be stated that the flexural modulus of the sintered samples is similar since the specimens show comparable behaviour in the part of the load-deflection curve which represent the elastic behaviour of the material. The absolute value of the flexural modulus determined on PM Ti-6Al-4V specimens is not indicated because it is not an intrinsic property of the material since greatly depends on the ratio between the span length (L) of the testing configuration and the diameter of the specimen (D) as available in the literature where the increment of the L/D ratio leads to an increase of the flexural modulus [25, 26] . By means of the formula reported in the ASTM:
B528 standard, which is applicable to relatively brittle materials, the values of TRS were calculated and they are reported in Figure 5 .
As it can be seen from the data of strength shown in Figure 5 , the TRS of the Ti64-PA samples decreases with the increment of the sintering temperature. The only exception to this trend is the value of the samples sintered at 1250ºC during 2 hours which is the lowest. This is most probably due to the low relative density that characterise the samples processed with these sintering parameters. When considering the effect of the doubling of the dwell time at temperature from 2 hours to 4 hours, it can be seen that the specimens sintered during 4 hours present lower strength than their counterpart. This behaviour is primary due to the microstructural changes induced by a longer processing time (i.e. grain growth and pore coarsening) but it is also affect by the interstitial pick-up where the higher their amount the lower the strength. The same trend of the variation of TRS with the sintering temperature and processing time described for the Ti64-PA samples is useful to describe the behaviour of the Ti64-MA specimens. Nonetheless, it should be noticed that, in the case of the Ti64-MA alloy the samples sintered during 4 hours are characterised by higher TRS values in comparison to those sintered during 2 hours. This behaviour is favoured by the slightly higher relative density of the samples sintered during 4 hours but it is principally a consequence of the lower oxygen content of these specimens (see Table 2 ). When comparing the values of TRS obtained for each of the powder production route (prealloyed versus master alloy addition), it can be seen that Ti64-MA samples always reaches higher strength with respect to the Ti64-PA specimens. This difference in mainly due to the different level of interstitial elements dissolved by the materials in each sintering condition as it can be checked by combining the data shown in Table 2 and those of Figure 5 . The TRS shown in Figure 5 is, on average, similar to the values found in the literature for wrought biomedical devices (903-1090 MPa) [27] .
The results of the flexural strain at fracture (ε f ) as a function of the sintering condition studied are displayed in Figure 6 .
From Figure 6 , it can be seen that the flexural strain at fracture of Ti64-PA samples decreases with the increment of the processing temperature for both the processing times considered.
This decreasing trend is due to the increment of the interstitials content dissolved by the alloy which increases with the increment of the processing temperature. From the data of the flexural strain at fracture of the Ti64-PA samples it can also be noticed that, generally, the doubling of the dwell time from 2 hours to 4 hours leads to a higher strain. The only exception to this trend are the samples sintered at 1350ºC-4h which are characterised by lowest value of flexural strain due to significantly higher oxygen content that these samples have. In the case of the Ti64-MA samples, once again the flexural strain decreases with the increment of the sintering time indicating that, as for the Ti64-PA samples, the benefit of the reduction of the residual porosity is overcome by the increment of the amount of interstitials dissolved. When comparing the flexural strain data as a function of the powder production method, it can be seen that Ti64-MA samples are always characterised by a higher strain in comparison to Ti64-PA specimens independently of the processing parameters employed to sinter the materials. The higher toughness of the Ti64-MA samples is due to the balanced effect of slightly higher relative density, lower oxygen content and coarser microstructural features with respect to the Ti64-PA specimens.
The fractographic analysis of the tensile test specimens by SEM was carried out and the results are presented in Figure 7 . Due to the fact that no significant differences were found on the bases of the sintering temperature, only the micrograph corresponding the samples sintered at 1300ºC during 2 hours are shown.
From the analysis of the fracture surface (Figure 7) , it can be seen that the materials fail due to transcrystalline fracture, the typical cleavage fracture mode of metals with an H.C.P. lattice, where river marking can be clearly distinguished within the grains that form the microstructure [28] . This brittle fracture mode could have been expected on the base of the load-deflection curves shown in Figure 4 and it is in agreement with the results of the microstructural analysis where it was shown that the pore structure is composed of spherical and isolated pores.
Thermal conductivity and electrical resistivity
Thermal conductivity and electrical resistivity values measured on specimens sintered under different temperature/time conditions are reported in Table 2 .
From the data shown in Table 2 it seems that for the Ti64-PA alloy there is no correlation between the thermal conductivity at room temperature and the relative density (Figure 1 ), which should be the most affecting factor. However, it seems that the increment of the relative density from 92% (1250ºC-2h) to values higher than 94% (1250ºC-4h) induces an increment of k most probably because with a 94% of relative density the pore structure is constituted by isolated pores whereas in the range of 86-94% there are still interconnected pores [5] . Conversely to Ti64-PA, the Ti64-MA alloy is characterised by the increment of the thermal conductivity at room temperature with the decreasing of the residual porosity.
Moreover, it seems that a longer processing time, which induced some grain growth, leads to a smoother increment of the thermal conductivity. No significant differences were found between the values of the two types of powders since with a relative density of 95%, a k of approximately 7 W/m·ºC is obtained in both materials. Analysing the data shown in Table 2 , it can be noticed that the thermal conductivity measured on pressing and sintering specimens is always higher than the nominal value of wrought Ti-6Al-4V, independently of the sintering conditions employed. It is remarkable that the highest values obtained for P&S components are similar to that of Ti-6Al-4V ELI, where the content of the interstitials is kept very low (O = 0.13 wt.% and N = 0.03 wt.%). On the other side, the electrical resistivity data for the Ti64-PA alloy (Table 2) indicate that this property increases with the relative density, which is not expected but could be due to the characteristics of the residual porosity, namely the mean size and the shape, because a more uniform distribution of small pores could hinder more the movement of the electrons than a lower amount of pores of bigger size. The electrical resistivity measured in Ti64-MA alloy specimens has two opposite trends depending on the sintering time: it slightly decreases for 2 hours of dwell time and it increases a little for 4
hours. Nonetheless, the variation of the electrical resistivity is quite limited and it is most probably due to the counterbalancing effect of: (1) presence of residual porosity probably filled with gas, (2) microstructural features (relative amount of alpha and beta phases as well as grain boundaries) and (3) amount of interstitials dissolved which act as lattice defect.
Comparing the data of electrical resistivity of Ti64-PA and Ti64-MA, the former are slightly higher mainly due to the higher equivalent oxygen content. Finally, the electrical resistivity of Ti64-PA and Ti64-MA is, generally, higher that that of the wrought alloy (Table 2 ) due to the amount of interstitials and the presence of the residual porosity.
The variation of the thermal conductivity with the temperature, which was measured on the Ti64-PA and Ti64-MA samples sintered at 1250ºC during 2 hours, is presented in Figure 8 .
As it can be seen in Figure 8 , the thermal conductivity of pressing and sintering Ti-6Al-4V
components increases with the temperature independently of the PM approach used to obtain the alloy. This increment is mainly due to the thermal energy supplied to the system, which results in a higher mobility (longer mean free path) of electrons and phonons through the material in this range of temperature. Nonetheless, it can also be seen that Ti64-MA samples are characterised by higher thermal conductivity, in agreement with the thermal conductivity at room temperature data shown in Table 2 , due to the lower percentage of residual porosity present in the microstructure. From the data shown in Figure 8 , it can also be seen that this difference is kept when taking into account the effect of the temperature on the C p value and, as expected, the values calculated are higher than those measured directly on the samples.
When compared to the data available in the literature for the wrought alloy [3] , powder metallurgy Ti-6Al-4V specimens have a lower thermal conductivity starting from approximately 150ºC. More in detail, it can be seen that the thermal conductivity of the wrought alloy increases with the temperature much faster than in Ti64-PA and Ti64-MA components most probably due to the effect of the presence of the residual porosity, the microconstituents features (i.e. relative amount of H.C.P. alpha and B.C.C. beta phase) and the amount of interstitials dissolved which act as lattice defects.
Conclusions
From the study performed it can be concluded that: 
